Abstract Artificial reservoirs are important indicators of anthropogenic impacts on environments, and their cumulative influences on the local water storage will change the gravity signal. However, because of their small signal size, such gravity changes are seldom studied using satellite gravimetry from the Gravity Recovery and Climate Experiment (GRACE). Here we investigate the ability of GRACE to detect water storage changes in the Longyangxia Reservoir (LR), which is situated in the upper main stem of the Yellow River. Three different GRACE solutions from the CSR, GFZ, and JPL with three different processing filters are compared here. We find that heavy precipitation in the summer of 2005 caused the LR water storage to increase by 37.9 m in height, which is equivalent to 13.0 Gt in mass, and that the CSR solutions with a DDK4 filter show the best performance in revealing the synthetic gravity signals. We also obtain 109 pairs of reservoir inundation area measurements from satellite imagery and water level changes from laser altimetry and in situ observations to derive the area-height ratios for the LR. The root mean square of GRACE series in the LR is reduced by 39% after removing synthetic signals caused by mass changes in the LR or by 62% if the GRACE series is further smoothed. We conclude that GRACE data show promising potential in detecting water storage changes in this 400 km 2 reservoir and that a small signal size is not a restricting factor for detection using GRACE data.
Introduction
Gravity Recovery and Climate Experiment (GRACE) observations have been widely adopted to study the impact of climate change and of anthropogenic activities on the water system, including polar ice sheets Chen et al., 2009; Gardner et al., 2013] , mountain glaciers [Matsuo and Heki, 2010; Yi and Sun, 2014; Farinotti et al., 2015; Song et al., 2015; Yi et al., 2016b] , terrestrial water storage (e.g., groundwater [Rodell et al., 2009; Famiglietti et al., 2011; Voss et al., 2013; Chen et al., 2016; Xiang et al., 2016] , large inland water bodies [Swenson and Wahr, 2009; Becker et al., 2010; Singh et al., 2012] , and soil water content [Landerer and Swenson, 2012; Long et al., 2015; Yi et al., 2016c] ) and global sea level changes [Cazenave et al., 2009; Boening et al., 2012; Chen et al., 2013; Yi et al., 2015] . In the application of GRACE products, a lot of attention has been paid to ice melting and groundwater depletion, as these signals are strong, cover As the largest hydroelectric power station in the world, with a capacity of 39.3 km 3 , the Three Gorges Reservoir (TGR), located in the middle main stem of the Yangtze River, is the only reservoir that has been studied using GRACE observations to date [Wang et al., 2007 [Wang et al., , 2011 . Here we will investigate the potential of applying GRACE measurements to detect the hydrologic regime of another reservoir with a much smaller size, namely, the Longyangxia Reservoir (LR). The Longyangxia Hydropower Project is located at the entrance of the Longyangxia Canyon and is 1648 km from the source of the Yellow River, where the upper main stem of the Yellow River exits the Tibetan Plateau and drops rapidly in altitude ( The LR is the fourth largest reservoir in China and the largest reservoir within the Yellow River by volume, with a maximal capacity of 27.6 km 3 (http://www.chincold.org.cn/dams/DamInformation/damsinchina/ webinfo/2010/07/1279253973938211.htm). The LR has a smaller capacity, and its area is approximately one third of the area of the TGR. Two favorable conditions may allow the high potential to quantify its gravity effect. First, the annual precipitation is approximately 400 mm around the LR region, which is much lower than that of the TGR region (more than 1000 mm); therefore, the terrestrial water storage varies more weakly around the LR. Second, there is a smaller population distribution and fewer intensive irrigation 
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activities in the LR region compared to the middle main stem of the Yangtze River . In addition, the water level of the LR increased dramatically in the summer of 2005, after which a large mass accumulation occurred. All these factors will facilitate its detection by GRACE. In fact, GRACE has already showed its ability to identify signals at sizes smaller than its resolution, i.e., ice melting in the Patagonia Icefield, which covers an area of 17,200 km 2 [Chen et al., 2007] , one sixth of the spatial resolution of GRACE.
In this study, the area of the LR is only 1/250 of the spatial resolution.
This work is organized in three parts. First, the equivalent water height (EWH) variations of these four water bodies that were caused by the water impoundment event in 2005 are synthesized based on their water level changes. We focus on how to derive volume changes from height observations in the LR. Second, synthetic EWH changes are compared with various GRACE observations. Finally, monthly GRACE observations are presented, and we quantitatively estimate the uncertainty of GRACE observations.
Data and Methods
Water Level Records
The upper main stem of the Yellow River runs through two large water bodies: Zhaling Lake and Eling Lake. Qinghai Lake is the largest water body in China, and it is less than 100 km away from the LR. Therefore, these three lakes are also studied here. The lake level records used here include four data sources: ICESat laser altimetry, radar altimetry, in situ observations, and records collected from news reports. The ICESat satellite system implements laser altimetry, so it has a smaller footprint compared with radar altimetry (70 m compared with several kilometers); however, its observations are only available from 2003 to 2009 [Schutz et al., 2005] . ICESat data are available at http://icesat.gsfc.nasa.gov/icesat/ and are widely used for the study of lake levels [Zhang et al., 2011; Song et al., 2013; Wang et al., 2013; Zhang et al., 2013] . The processing method used in this study can be found in Wang et al. [2016] . The tracks of ICESat cover the LR, Qinghai Lake, and Zhaling Lake (refer to the violet dots in Figure 1) To investigate the relationship between precipitation and water level changes in the LR, precipitation records during 1985-2010 are also taken from Global Precipitation Climatology Centre (GPCC) [Schneider et al., 2011] (available at http://www.esrl.noaa.gov/psd/data/gridded/tables/precipitation.html).
GRACE Gravimetry
Since its launch in 2002, GRACE has been providing global gravity solutions every month, although some months lack measurements. Original GRACE observations are mainly processed by three organizations: the CSR, GFZ, and JPL. These organizations have different solution methods and have thus generated slightly different products [Bettadpur, 2012] , which can be accessed at the ICGEM website (http://icgem.gfz-potsdam.de/ICGEM/) [Barthelmes and K€ ohler, 2016] . Here all three products are compared in their ability to capture the expected signals. The geocenter terms (degree one coefficients) are missing in the original datasets, but they are added back in this study [Swenson et al., 2008] . We also replace the C 20 coefficients with solutions using satellite laser ranging [Cheng et al., 2011] , which is generally accepted, to improve their accuracy. We adopt three different kinds of smoothing methods to test the robustness of the expected signals: DDK4 [Kusche et al., 2009] , a Gaussian filter with a radius of 300 km (G300), and a decorrelation filter P4M6 . Usually, the last filter is combined with a Gaussian filter [e.g., Chen et al., 2007] . Here the combination of P4M6 and a 150 km Gaussian filter is referred to as P4M61G150.
One form of a GRACE product is the spherical harmonic coefficient (SHC), which can be adopted to study changes in the geoid and in gravity caused by mass transportation. Another widely used form is the EWH, which assumes that mass is only transported on the surface of the earth and straightforwardly reflects how much the water column changes. The calculation of the EWH from the SHC can be found in Wahr et al. [1998] Water Resources Research
where C t lm and S t lm are monthly (t) GRACE products and are functions of degree (l) and order (m); h and / are the colatitude and longitude of the observation point; the parameters a and q ave are the radius and average density of the earth, respectively; q w is the density of water;P lm are the normalized associated Legendre functions; and k l is a set of loading Love numbers. Degrees ranging from 0 to higher values represent spatial resolutions ranging from global to regional, and the degree is truncated at N in the equation. We can also solve C lm and S lm if the EWH change h is known, and this process is known as expansion.
Theoretical EWH for Changing Water Storage Levels
The surface area of the LR expands/shrinks substantially with a dramatic water level rise/drop. Thus, water level change information alone is not enough to estimate water volume changes. First, the relationship between the inundation area and water height (named the area-height relationship) should be obtained. There are two widely used methods. The first method is to combine inundation areas retrieved using satellite imagery with lake surface heights obtained by altimetry radar, laser, and lidar or from in situ observations. This method has been used to study river basins, lakes, and reservoirs [e.g., Leon et al., 2006; Peng et al., 2006; Birkinshaw et al., 2010; Frappart et al., 2010 Frappart et al., , 2011 Duan and Bastiaanssen, 2013; Song et al., 2013; Zhang et al., 2013] . The other method is based on synthetic surface areas inferred from topographic maps (e.g., a 30 m resolution digital elevation model collected by NASA's Shuttle Radar Topography Mission (SRTM) [Farr et al., 2007] ), which is less frequently used [e.g., Matgen et al., 2007; Pan et al., 2013; Tseng et al., 2016] due to the scarce accessibility of lake bathymetry data, especially for remote regions or developing countries. Both methods have merits and demerits. The former method, which is based on imagery and height data, has high precision, but it requires two different intensive observations to be carried out during the same period. The latter method, which is based on topography, can only provide relationships above the lake level at the time as when the topography measurements were taken; otherwise, it requires bathymetric maps, which can require costly and lengthy fieldwork data acquisition using shipborne sonar sensors [Peng et al., 2006; Duan and Bastiaanssen, 2013] . However, this method is very straightforward and does not require water level or area observations. These two methods are independent and based on different principles, so they can be mutually verified or supplemented [e.g., Medina et al., 2010] .
Here we adopt the first method to reconstruct the empirical equation (geometric relationship) between inundation areas derived from satellite images and water level heights obtained from satellite altimetry and in situ observations [Duan and Bastiaanssen, 2013; Song et al., 2013] . We use multitemporal cloud-free optical images from Landsat 5/7 to derive the time series for area changes of the LR. Multitemporal Landsat images between 2003 and 2010, which are available at the USGS (U.S. Geological Survey) website http://glovis.usgs.gov, are used. Since the reservoir is located in the overlapping region of two adjacent Landsat scenes (Path132/Row035 and Path133/Row035), we can obtain nearly twice the amount of images for the LR compared with other general places, and it is thus able to provide denser temporal-resolution observations of reservoir evolution. A two-step NDWI (normalized difference water index) threshold segmentation model is used to extract the inundation areas [Li and Sheng, 2012; Wang et al., 2014] . The NDWI map is generated by the normalized water index between the green and near-infrared spectral bands; this process was developed by McFeeters [1996] . More details regarding water body mapping methodologies and procedures can be obtained from prior literature Song and Sheng, 2016] . For the other three lakes, the lake areas do not vary considerably, and thus, we simply add an extra 10% mass due to the surface expansion .
After we obtain these images and contemporary height records, we linearly interpolate the height records to obtain height information at the time when these 141 images were taken. However, we eliminate images taken at the time when no height observation is available within 15 days because the interpolated height information is likely to be unreliable under this condition. Finally, these combinations are used to derive the area-height relationship in the LR.
Once we determine the amount of rising water levels in these four water bodies and the accompanying area change, their theoretical EWHs caused by water storage changes can be estimated. First, we construct a set of grids with a resolution of 0.028 3 0.028 (which is known as a mask) to mark the location and shape
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of each water body. Second, grids within the range of a water body are set to a uniform value to make their total mass equal to that of our observations, and those outside the range of a water body are set to zero. Because of the low spatial resolution of GRACE observations, these synthetic observations in terms of the EWH are expanded into SHCs, truncated to degree 60 (T60), and processed with the same procedures as are conducted on GRACE. The relevant equations were introduced in detail in Wahr et al. [1998] .
Results and Analyses
3.1. Dramatic Reservoir Water Impoundment Detected by Satellite Altimetry and Imagery 3.1.1. Water Level Changes in the LR and Surrounding Lakes Water level records of the four studied water bodies from the four types of data sources are shown in Figure 2 and in Table 1 . These independent data sets agree well with each other. The in situ water level records of the LR are only available from 2005 on, and before that, only four records are available: three from ICESat and one from a news report. The most noticeable feature is the rapid rise in the water level from May to November in 2005. A total rise of 37.9 m occurred over half a year, with an average rising rate of over 0.2 m/d. Another less evident rise occurred in 2009. Apart from these two rising events, the water level presented either a balanced or a declining trend and was accompanied by large seasonal variations, From May to November in 2005, a rapid water level rise can also be identified within Qinghai Lake, Zhaling Lake, and Eling Lake, the magnitudes of which are 0.5, 0.7, and 2. Figure 3a , and the linear regression model is shown in Figure 3b . There is a good linear correlation between the area and height, with an R 2 value of 0.9945.
Once we obtain the relationship between the changes in area and water level, we can derive the missing height observations from the area observations. These two results agree well with each other, but they have different data densities, and there are gaps that can be filled by other observations. The details can be found in supporting information. 3.1.3. Robustness of the Reservoir Water Impoundment Reconstruction Based on the ''Height-Area Relationship'' As introduced above, there are two methods that can be used to derive the height-area relationship, and these two methods can be mutually verified. The results of the first method have been presented; here, we test whether the second method can obtain similar results. We adopt a 30 m resolution SRTM digital Height ( elevation model to simulate how the area of the LR changes with a rise in the water level. The topographic information in our study region was measured in 2000, at which time, the water level of the LR was 2569 m above sea level. The landform under the water is unknown, so we can only simulate the conditions above 2569 m. This method is based on the assumption that lake water will always fill connected spaces at lower elevations if the lake level rises. We simulate the area change for every 1 m rise in the water level, and the results from 2569 to 2600 m are shown in Figure 4 . The results obtained using the height-area method have extra observations at low elevations, while the results obtained using topography are more regular. Although the SRTM-derived method tends to generate a smaller area estimation for water levels under 2570 m, these two methods generally agree well with each other, which means that our height-area relationship is reliable.
Gravimetry of LR Water Impoundment 3.2.1. GRACE-Based Mass Increases Signal Patterns and Comparison With Synthetic Signals
The mask for each water body is shown in the top row in Figure 5 . For the case of the LR, its lake area varies with height changes, the corresponding relationship of which is given in Figure 3 ; therefore, its total mass change is estimated to be 13.0 Gt. The mass increases in the other three lakes are 2.3, 0.4, and 1.3 Gt, respectively (Table 1) . Overall, the mass accumulation within these four water bodies is 17.0 Gt, and the LR accounts for 76.5%.
The synthetic EWH changes are shown in the second row of Figure 5 . After expansion and truncation, the strength of the EWH of each water body is greatly reduced. Generally, smaller spatial ranges for a signal source indicate that more strength will be attenuated. Here the truncated EWH signal strength in the LR is over 400 times smaller, while that in Qinghai Lake is less than 40 times smaller. Because a smoothing method is often adopted to suppress noise in GRACE observations, we also provide results using a 300 km Gaussian smoothing filter (G300) in the bottom row of Figure 5 . The strength of the EWH is further attenuated when using the G300 filter.
GRACE solutions obtained from three different organizations (the CSR, GFZ, and JPL) and using three different filters (DDK4, P4M61G150, and G300) are used to confirm the EWH changes between May 2005 and November 2005, which is when the water level rapidly increases. There are nine combinations in total, the results for which are shown in Figure 6 , together with synthetic signals (the sum of the four sources in Figure 5 ) produced under the same filters. The smoothing effects increases from the top row to the bottom row in Figure 6 , so the synthetic EWH signal decreases. Here we only simulate the water level increase for the four water bodies. There are other EWH signals caused by the surrounding environment and noise within GRACE solutions, so GRACE observations may be very different from the simulations. There exists a large discrepancy among the different solutions. Among all nine results, the solutions from the CSR with the DDK4 and P4M61G150 filters demonstrate the best resemblance with the simulations. All solutions using DDK4 contain expected positive EWH signals around the LR, which indicates that DDK4 is more efficient than the other two filters in this case study. Solutions from the GFZ exhibit dominant north-southoriented striped noise regardless of whether P4M61G150 or G300 is applied, similar to the JPL solution with the G300 filter. It is noted that G300 is such a strong filter that the synthetic EWH observation is very weak, and thus, the strong positive signal in Figure 6i is clearly a result of noise rather than mass accumulation within the four water bodies. Solutions from the JPL with DDK4 and P4M61G150 are barely satisfactory. Their shapes are similar enough to the simulations, but their magnitudes are significantly stronger. Based on the discussions above, the CSR solution with the DDK4 filter is chosen for the following research. It is speculated that a strong negative striped noise runs across the study area (the black dashed curve in Figure 7h ) and offsets the expected positive signal. The positive signal grows from January 2006 to March 2006 contradictory to what is expected, and uncertainties either in the GRACE observations or other signal sources (e.g., seepage and soil moisture) are likely to be responsible.
Comparison of Monthly GRACE Signals and Synthesized LR Water Level Time Series
Joint water level changes obtained in this study (supporting information Figure S2 ) are adopted to simulate EWH changes in the LR (Figure 8a ). The position used for calculation is marked with a white star in Figure 7 . Gravity effects in the other three lakes are thought to be negligible because of their farther distances and Figure 8a ). Figure 7 shows that the data in 2005 are contaminated by north-southstriped noise. Both of these time series share similar interannual variations and present increasing trends of 1.41 6 0.15 cm/yr for the GRACE observations and 0.96 6 0.08 cm/yr for the simulation. The residuals obtained by deducting the GRACE observations from the simulation signals are shown in Figure 8b . We followed the equation given in Fu and Freymueller [2012] to quantitatively evaluate the consistency between the GRACE observations and the simulation signal:
The root mean square (RMS) reduction in this case is 39%, which mainly comes from the consistency within the interannual variation. GRACE and GPS in Nepal, the results of which were nearly 45%. However, it should be noted that the consistency in their study was mainly concerned with seasonal variation, which is easier to reach because of its strong and regular repeatability. The variations and the remaining trend of 0.5 cm/yr in the residuals may be caused by other signal sources (e.g., soil moisture, seepage, and tectonic process [Yi et al., 2016a] ) and/or uncertainties in the GRACE products. We believe these possibilities are difficult to determine with our current understanding due to the scarcity of in situ observations to constrain these phenomena. If we conservatively attribute all the residuals to GRACE uncertainties, the standard deviation of the GRACE observations in this study location is estimated to be 2.8 cm, which is greater than 70% of the residuals. The GRACE series are also smoothed using a three-month sliding window to depress the roughness within the temporal variation, after which their correlation with the synthetic variations is improved from 0.80 to 0.89. The RMS reduction is increased to 53% in this case. If we further assume that the remaining trend originates from the surrounding environment and consequently remove it, the RMS reduction will be increased to 62%, and the GRACE error for the 3-month smoothed value is 1.6 cm (the red curve and red patches in Figure 8b ). Note that the GRACE error is a function of both the study area and latitude [Yi et al., 2016c] . Water Resources Research
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Usually, scholars have adopted posterior errors obtained from fitting the residuals of time series, and this method assumes that no systematic error exists within the GRACE solutions. Here we present another way to validate the GRACE errors with the assistance of known signal sources, and its value is better than 2.8 cm at a single point at a latitude of 368.
4. Discussion 4.1. Detectability of GRACE Data for Arbitrary Signal Sizes Although GRACE products have a spatial resolution of approximately 100,000 km 2 (truncated at a degree of 60), they can be applied to mass transportation at smaller scales on the condition that their gravity signals are significant enough. To be significant, a signal must be at least stronger than the noise level of the GRACE solutions (the dashed curves in Figure 9a , based on the method presented in Wahr et al. [2006] ) and must also be stronger than the surrounding signals generated by other sources. For this investigation of the LR, the low precipitation in the study area facilitates detection using GRACE data. The monthly uncertainties of the GRACE solutions are functions of the latitude and have smaller values at higher latitudes. For instance, their EWH values are approximately 3 cm with a 300 km Gaussian filter at a latitude of 308 [Yi et al., 2016c] , and thus, the maximum EWH of a detectable mass located at a latitude of 308 must be larger than 3 cm. Please note that repeated observations could largely reduce this uncertainty. For example, if 12 months worth of observations within a year are averaged, the uncertainty is expected to be reduced by a factor of ͱ12.
The blue and red solid curves in Figure 9 represent the mass required to generate an EWH signal with a maximum value of 1 cm when it is uniformly distributed across an arbitrary area without and with G300, respectively. It is apparent that G300 will attenuate the signal such that a larger mass is needed compared with the observation without G300 for the same size. The noise levels of the CSR products under G300 and DDK4 are presented as dashed curves. In addition to these curves, there are also several known signals representing ice melting and groundwater depletion [Chen et al., 2007; Rodell et al., 2009; Famiglietti et al., 2011; Feng et al., 2013; Gardner et al., 2013; Voss et al., 2013] . Although the maximum EWH values of some signals are far below the noise level, they can still be detected because the uncertainty of GRACE trend can be continuously reduced with the inclusion of additional observations. The first conclusion is that the required mass for a maximum EWH of 1 cm does not vary much when the size area is smaller than 10,000 km 2 (18 by 18). To understand this characteristic, a fixed mass of 13 Gt is uniformly attributed to different sizes of areas ranging from 400 to 1,000,000 km 2 . The masses are distributed rotational-symmetrically (i.e., a disk) around the North Pole, and thus, when these masses are expanded into SHCs, only the C l0 products are nonzero, and their amplitude time series for different orders are shown in Figure 9b (referred to as the range from L0.2 to L10 in the figure). Similar plots and relevant formulas can be found in Swenson and Wahr [2002] . Lower degrees represent wider spatial scales, so most of the amplitudes at L10 are located at low degrees. It is interesting that all the series share similarly low degree patterns, while series from wider areas have weaker amplitudes at higher degrees. If the series are truncated at degree 60, it is almost impossible to distinguish between L0.2, L0.7, or L1. The amplitude of each series is proportional to the total mass. Because each of the series are derived from the same amount of mass (13 Gt), they share a similar low degree pattern, which implies that the details about the mass distribution are indistinguishable at such low degrees. Please note that the total mass is only determined by a degree of 0, while the other terms only put an influence on the distribution of the mass. A higher amplitude in one particular degree only means a more elaborate mass distribution rather than a heavier mass.
The second conclusion is that for a smaller range spanned by a signal, a smaller mass is needed to generate a fixed EWH change. Figure 9c shows why the gravitational attraction of a fixed mass to GRACE will decrease when its area is expanded. This decrease is because the increasing horizontal components counteract with each other and the remaining vertical component decreases. This produces an interesting conclusion such that under the condition of a fixed mass, smaller spatial ranges covered by the mass correspond to a higher probability that it can be detected by GRACE data. This conclusion is counterintuitive at first glance because GRACE is mostly used in studies with large signal sizes. This phenomenon is explained in two aspects. First, we should be aware that the area parameter does not exist in the formula of universal gravitation (i.e., only mass and distance are pertinent), so a mass of a smaller size will definitely not have a weaker gravitational force on GRACE satellites. In contrast, its gravity signal may increase, as is shown in Figure 9a and explained in Figure 9c . Second, although the required mass to generate an EWH change above the noise level is reduced for a smaller size object, its EWH will increase sharply with a decrease in its size. In this study, a mass of 13 Gt over an area of 400 km 2 is caused by a water level rise of 37.9 m, which is very uncommon in nature even with the influence of human actions.
The standard to check whether a regional signal can be significantly detected by GRACE data can also be found in Figure 9a . For instance, when the signal area is smaller than 10,000 km 2 (18 by 18), the noise level of the CSR is approximately 6 Gt under DDK4 and approximately 14 Gt under G300. This value will be even larger if the surrounding gravity signals are more substantial. A low latitude location and a larger spatial size will both increase the difficulty for detection using GRACE data. If the mass change is smaller than these criteria but persists for a long time or continues to grow, it still has a chance to be detectable. Of course, it should be noted that the uncertainties within GRACE data vary from month to month and place to place. Figure 10a . The water level records show a strong interannual variation, which is apparently influenced by precipitation. Four declining periods are identified (with a light red background in Figure 10a ) and are directly connected with periods of corresponding insufficient precipitation. One notable phenomenon is that the water level always shows a prompt response to extensive precipitation, but it exhibits a prolonged response to insufficient precipitation. When we refer to an excess or scarcity in precipitation, it actually concerns only the weather conditions between May and October because precipitation is always scarce during the other months ( Figure 10d ) and because the LR acts as a supplementary source for the local and downstream water system during these months. This finding means that when encountering a dry summer, the LR must sustain the environment for at least one and a half years. This finding explains the prolonged behavior over these four declining periods and highlights the role of a reservoir in neutralizing floods and droughts, especially within this study region, where precipitation is extremely concentrated during the summer and experiences large interannual variations.
Month-by-month water level changes in the LR are compared with the monthly precipitations in Figures  10c and 10d . There is a good consistency between them from June to October, and thus, we define these months as precipitation controlled. The other months are defined as human controlled. One evidence for this result is that the first 5 months of the year share a similar declining trend, which is likely to be a behavior resulting from artificial planning. We also separate the water level records within each year into rising and declining years (supporting information Figure S3 ), and we find that the rising years experience abundant precipitation from May to August, while the declining years experience rather scarce precipitation in July.
To summarize, we demonstrate that the water levels in the LR are controlled by both climate and humans. The former determines how the water level rises during wet seasons, and the latter determines how it declines during dry seasons. The highest water level on record in 2005 is explained by the excess precipitation in the summer of 2005. The spatial distribution of the precipitation anomaly in the summer of 2005 is shown in Figure 10e , in which there is a positive anomaly covering the entire eastern Tibetan Plateau. This result implies that the summer of 2005 was a wet season that influenced a much wider range than our study region. The extremely wet months spanning from June to September in 2005 (Figure 10b) caused the rapid water level rise in the LR, which reached its highest level in November. Similar precipitation results were revealed by Wang et al. [2016] , who showed that the 2005 wet summer caused water storage expansions in many lakes in northeastern Tibet. The surplus summer precipitation in 2009 also caused another simultaneous water storage increase in the four bodies of water, as shown in Figure 2 . In conclusion, the simultaneous water storage increase in these four water bodies was mainly the result of surplus precipitation during the summer of 2005.
Conclusions
In this work, we investigate the detectability of GRACE data in water storage changes in the 400 km 2 LR.
To examine the mass changes caused by water level rises, we combined observations of Landsat imagery, ICESat, radar altimetry, and in situ measurements to derive the area-height relationship of the LR. We also investigate another independent method based on an SRTM digital elevation model to derive this relationship, and these two methods show good consistency. The rise in the water level to 37.9 m from the summer to the winter of 2005 resulted in a mass increase of 13.0 Gt, the monthly evolution of which is well detected by the CSR solutions with the DDK4 filter. The time series of the EWH changes in the LR, which demonstrate the process of mass accumulation, are also given. After removing the synthetic signals caused by the observed volume changes using GRACE EWH observations from 2003 to 2010, the RMS reduction is 39%. The residuals have a standard deviation of 2.8 cm and a trend of 0.5 cm/yr, which is a combined result of the surrounding soil moisture, seepage effect, tectonic processes, and GRACE errors. The GRACE series show a better resemblance with the synthetic EWH changes in the LR (with a correlation coefficient of 0.89) if the GRACE series are smoothed with a 3 month sliding window.
By a comparison of the interannual and annual terms between water level changes in the LR and precipitation records from 1986 to 2010, we postulate that the water level in the LR is dominated by precipitation during wet seasons and controlled by humans during dry seasons and that the extremely wet summer is responsible for the 2005 highest water level of the LR on record. We also highlight the important role of the LR in the neutralization of floods and droughts.
To date, the LR may be the smallest signal source by surface area reported to be detected by GRACE. This case of the LR decreases the size of research objects of GRACE from previous several times smaller than GRACE solutions to approximately 250 times smaller. A signal with a small size could also be detected by
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GRACE given that its mass change is strong enough (6 Gt for the CSR solution with DDK4 or 14 Gt for the CSR solution using G300), and there is little intervention from noise within the surrounding environments. With respect to the LR, we think that such a large water storage change in a semiarid region is a rare case.
In the end, we demonstrate that a fixed amount of mass is more likely to be detected by GRACE data when it is more concentrated (i.e., covers a smaller area), but if the size is smaller than 18 by 18, the ability of the signal to be observed by GRACE will not change even if it is further concentrated.
